Introduction
Nonpolar InGaN/GaN multiple quantum wells (MQWs) are attracting a great deal of interest because of their ability to emit linearly polarised light. This characteristic may be of practical use in e.g. back-lit liquid crystal displays. [1] The emission of polarised light occurs because of the breaking of the crystal symmetry due to anisotropic in-plane strain and differences in the effective hole masses along the growth direction. [2, 3] The degree of optical linear polarisation (DLP) of the total light emission ideally should depend on the relative populations of the two lowest energy valence sub-bands. The DLP sapphire. [6] [7] [8] [9] Heteroepitaxial growth, however, results in high densities of extended defects, despite the use of sophisticated defect reduction techniques. [10, 11] Typically the densities of threading dislocations and basal plane stacking faults for heteroepitaxial non-polar growth are (2-7) × 10 9 cm −2 and ~10 5 cm −1 respectively. [12] Such high densities of defects can lead to extrinsic non-radiative and radiative processes that reduce the efficiency of the intrinsic emission process. For these reasons the most promising choice for high efficiency, large DLP structures is homoepitaxial growth on freestanding, ammonothermal GaN substrates with a threading dislocation density lower than 10 5 cm −2 and negligible basal plane stacking faults.
At the moment InGaN/GaN QWs grown on m-plane GaN repeatedly show superior polarisation properties with DLP values over 90% at room temperature [13] compared with structures grown on a-plane GaN. [14, 15] From a theoretical point of view [16] the change of nonpolar plane should make no difference to the polarisation properties of InGaN/GaN QWs. At the moment this behaviour is not understood. In this paper we report on a study of the optical and polarisation properties InGaN/GaN QWs grown on ammonothermal a-and m-plane GaN substrates. We have used a combination of polarised photoluminescence (PL) spectroscopy, time resolved spectroscopy and polarisation resolved photoluminescence excitation (P-PLE) spectroscopy to compare the properties of the QWs where the differences between the sample sets are entirely due to the growth on the different non-polar planes.
Experimental details
All the samples were grown by metalorganic vapour phase epitaxy in a 6 × 2″ Thomas Swan close-coupled showerhead reactor. The five period InGaN/GaN MQW samples were grown on nonpolar ammonothermal GaN substrates with intentional crystal misorientations for the (1120) a-plane of 0 ± 0.2° along the m-axis and 0.3 ± 0.2° towards the + c-axis, and for (1010) m-plane 0 ± 0.2° along the a-axis and 2.0 ± 0.2° towards the (-c)-axis. Trimethylgallium (TMG), trimethylindium (TMI) and ammonia (NH 3 ) were used as the precursors with hydrogen as the carrier gas for the growth of the GaN epilayer and nitrogen for the growth of InGaN QWs and GaN barrier layers. First, a GaN buffer layer with a thickness of 800 to 1000 nm was grown at 1050 °C followed by the InGaN/GaN QW stacks which were grown using a 'quasi-two temperature' growth method, adapted from a method commonly used for growth on c-plane. [17] For the majority of the samples studied the In composition of the samples was varied by changes in the growth temperature from 690 °C to 705 °C for the a-plane samples and 705 °C to 745 °C for the m-plane samples (see Table 1 ). It should be noted that A3 and A4 were cut from regions of the same sample that was grown at a nominal growth temperature of 690 °C with A3 coming from a region of the sample where the growth temperature was somewhat higher than the region from which A4 originated.
Following the growth of the InGaN QWs a 1.0 nm GaN cap was grown at the InGaN growth temperature. The TMG and NH 3 flows were then maintained during a 90 s temperature ramp to 860 °C, at which point the barrier growth was completed. Every sample was analysed using a high resolution X-ray diffraction (XRD) MRD diffractometer from Panalytical (Cambridge, United Kingdom), equipped with a symmetric four-bounce monochromator and a three-bounce analyser to select the CuKα1 wavelength. The well and barrier widths and QW compositions (as detailed in Table 1 ) were determined using ω-2θ scans of the brightest symmetric reflection with a range of 10° in ω following the approach of Vickers et al. [18] and modified for nonpolar orientations. [19] The missing satellite peaks typically present in XRD scans of MQW structures used to determine the well widths were absent for these samples. Hence, high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was used to measure the well and barrier widths of samples A2, A4, and M2 to inform the calculation of the layer thicknesses in the remaining samples. HAADF-STEM was performed with an FEI Titan fitted with both probe and image aberration correctors operated at 300 keV. The results of the structural analysis are shown in Table 1 . The PL and P-PLE studies were carried out either using excitation from a CW He/Cd laser or a combination of a 300 W xenon lamp and monochromator as a fixed or tuneable wavelength excitation source respectively. The samples were mounted in the cryostat so that c-axis of the GaN was horizontal. The PL from the samples was analysed by a 0.85 m double grating spectrometer and a Peltier-cooled GaAs photomultiplier using standard lock-in detection techniques. The spectral dependence of the degree of polarisation (DLP(E)) of the emission was determined by measuring the PL spectra polarised parallel (I ║ ) and perpendicular (I ⊥ ) to the c-axis of the sample in question and then combining the polarised spectra as described by Equation (1).
The polarisation dependent excitation spectroscopy reveals exciton transitions associated with the different valence sub-bands; this not only enables measurement of the valence sub-band energy splitting as described previously [3, [20] [21] [22] [23] but can also be used to help to identify the nature of the recombination processes. For the time-resolved PL and PL decay time measurements, a frequency doubled mode-locked Ti:sapphire laser operating at a repetition rate of 800 kHz and emitting light with a photon energy of 3.18 eV was used as the excitation source and the signal processed with a timecorrelated single photon counting system.
Results and discussion
Figure 2(a) and 2(b) show low temperature (T = 10 K) PL spectra for the InGaN/GaN MQW samples grown on m-and a-planes respectively. The most noticeable aspect of all the PL spectra is the particularly large line widths which, depending on the In fraction, lie in the range 81 to 330 meV (see Table 1 Table 1 .
lower energies compared to the valence band maximum, one expects that the first valence sub-band at k = 0 is mainly |Y>-like in character while the second sub-band being mainly of |Z>-like character. This sub-band level structure is consistent with the measured P-PLE spectrum shown in Figure 3 . Furthermore, the magnitude of the splitting between the peaks is consistent with the values reported [25, 26] for the crystal field splitting in InN (19-24 meV) and GaN (9-38 meV). The most striking aspect of the data shown in Table 1 are the very large values, as illustrated in particular in Figure 3 , for the Stokes shifts between the energies of the lowest energy QW exciton transition and the peak energy of the PL emission. Previously the emission at low temperatures from non-polar InGaN/GaN QWs has been attributed to localised exciton recombination. [27] On this basis the values of the Stokes shifts suggest very large exciton localisation energies that increase with increasing In fraction. It is also noticeable that the linewidths of the exciton features in the P-PLE spectrum are much smaller than the PL line width, e.g. in the case of the data presented in Figure 3 (a) the linewidth of the lowest energy exciton peak is ~60 meV in the P-PLE spectrum compared with a PL linewidth of 128 meV. One possible interpretation for this observation is as follows: the exciton transitions in the P-PLE spectrum are associated with the creation of excitons that are free in the plane of the QWs.
If the length scale of the localised disorder is less than the in-plane exciton Bohr radius so that, to an extent, in the PLE spectra the effects of the disorder are averaged out. Yet when the carriers become localised the localisation itself introduces an energy variation at the different localisation sites, perhaps due to variations in quantum confinement in the plane of the QWs.
The nature of the localisation is currently under investigation, but as in polar c-plane InGaN/GaN QWs, [28, 29] it is probable that the effects of the local concentration of In atoms play a dominant role. In the c-plane case these local variations in indium content are mainly statistical fluctuations in a random alloy and indeed recent theoretical modelling [30] has indicated that in m-plane QWs hole localisation at random In fluctuations is largely responsible for the low temperature PL linewidth. The major difference between polar and non-polar QWs of course is the absence of an electric field perpendicular to the plane of the QWs, an effect that strongly influences the radiative recombination dynamics in polar structures. [31] However, as demonstrated recently [30] the absence of the electric field has significant consequences for the electron localisation. In polar structures the electric field results in the electrons being localised largely by the well width fluctuations, while in non-polar structures this effect is greatly reduced so that the electrons become bound to the localised holes resulting in localised excitons.
Also of importance is the fact that the P-PLE data reveal directly (assuming no difference in exciton temperature PL linewidth of 82 meV whereas A4 and M3 (samples with similar In fractions) have linewidths of 330 and 160 meV respectively. One cause of the large linewidths could be inter-well variations in the In fraction and/or QW thickness. However for the a-plane samples this is certainly not the case as the linewidth of a single QW structure grown under the same conditions as a MQW structure had similar spectroscopic characteristics.
A comparison of the P-PLE spectra and the PL spectra throws light on the nature of the dominant recombination process. We were only able to observe distinct exciton transitions associated with the two lowest valence sub-bands in samples M1, M2, M3, A1, A2 and A3. For the samples A4 and M4 the P-PLE spectra were inhomogeneously broadened to such an extent that discrete exciton peaks could not be resolved. The P-PLE spectra for samples M1 and A1 are shown in Figure 3 . We attribute the peaks that lie between 3.05 eV and 3.35 eV to exciton transitions involving the n = 1 confined electron states and the n = 1 confined strain and crystal field split valence bands. Assuming growth along the x-axis and since the crystal field splitting energy in InN and GaN is positive and shifts the |Z>-like valence band states to Figure 4 shows the spectral dependences of the DLP(E) for the a-and m-plane samples A3 and M2; it should be stressed that contrasting spectra are representative of the behaviour from the two sample sets. The m-plane sample exhibits a high value of DLP (>0.9) which is constant across the spectrum, but the a-plane sample exhibits a maximum value of the DLP ~0.6 and the DLP(E) spectrum with a pronounced reduction on the high energy side of the spectrum. The first question to ask is whether there is any evidence for a difference in the lowest energy valence sub-band splitting in the m-and a-plane structures which could influence the DLP in the different structures. As described above the values of the valence sub-band splitting in the a-and m-plane samples in which we were able to observe any exciton transitions are ≥23 meV. So ignoring any effects due to localisation we conclude at a temperature of 10 K that the higher lying valence states are not significantly occupied for both a-and m-plane samples. Hence the differences in the DLP and the spectral dependence cannot be explained by differences in the splitting of the valence sub-band energies. As implied above this argument ignores the nature of the recombination and really would only valid for the case of free carrier recombination. As we have already noted this is not the case at a temperature of 10 K with the recombination of localised excitons likely to be dominant. As to the dip in the DLP(E) for the a-plane samples, if we examine the PL binding energies for the different valence bands) the energy difference of the two lowest lying valence bands. For the samples in which we were able to determine the exciton splitting (listed in Table 1 ) the values are 23 ± 2 meV (A1), 35 ± 5 meV (A2), 48 ± 5 meV (A3), 38 ± 2 meV (M1), 35 ± 4 meV (M2) and 54 ± 5 meV (M3). Following the discussion above about the expected valence sub-band structure in non-polar InGaN QWs, the magnitude of the measured splitting is, to a first approximation, consistent with the magnitudes one could expect from InGaN crystal field splitting energies. Obviously strain effects and differences in effective masses along the growth direction can also affect the relative energetic positions of the different valence subbands. However, the measured values strengthen the argument that the P-PLE data gives direct insight into the energy difference of the first two valence sub-bands. Furthermore, these values are similar to those reported elsewhere [13, 21, 22, 32] from polarised PL and electroluminescence measurements on InGaN QW structures. Although it should be born in mind that a direct comparison of the values reported here and those in the cited works is not strictly valid. This is because the data reported here essentially reflect the differences between the free exciton transitions associated with the different valence sub-bands whereas the referenced data consist of measurements involving recombination that could well be influenced by the effects of carrier localisation. the dip in the DLP(E) spectrum of the a-plane sample is common to both the a-and m-plane structures, with whatever the cause of this behaviour being much less important in the m-plane samples.
To throw further light on the differences in the spectral dependence of the polarisation data of the a-and m-plane samples we performed PL time decay measurements and time-resolved spectroscopy. The time decay data measured at the peak of the spectra for samples M2 and A3 are shown in Figure 6 . All the m-plane samples exhibit single exponential decays with time constants ~300 ps which remain unchanged across the individual spectra. This is similar to the data that have already been reported elsewhere. [25] However, the PL decay curves from the a-plane samples exhibit an additional component that decays over a much longer time scale. It should also be noted that the time constant of the rapidly decaying component from the a-plane sample is very similar to that measured on the m-plane sample, implying that the majority of the emission from the a-and m-plane samples involves an identical recombination process. Also the longer lived component increases in relative strength as the detection energy is moved to the high energy side of the spectrum. The results of the time resolved spectroscopy shown in Figure 7 reflect this observation. In the time window 0-1 ns where the decay is dominated spectra for the two polarisations as shown in Figure 5 there is a clear difference in the peak position of the two spectra. This in itself does not necessarily suggest that there are two distinct recombination channels for the a-plane samples; in fact it merely represents how the DLP changes across the spectrum. We can also plot the DLP data in the form shown in Figure 5 where the spectra for both polarisations are plotted separately for an a-plane and an m-plane structure. These plots reveal that the mechanism responsible for both the low DLP and is complex and the differences between a-and m-plane samples are not yet fully understood, initial indications are that for the same indium content, a-plane samples are more likely to both exhibit non-random indium clustering and have rougher surfaces than m-plane samples. This is contrary to the situation in m-structures in which no evidence of In clustering has been reported. [34] Both these factors, and possibly other microstructural issues, could potentially contribute to the explanation of the differences in optical properties between the two families of samples, particularly since it is the a-plane materials which deviate most markedly from the expected optical behaviour and also exhibits the greatest microstructural disorder compared to a theoretical QW of uniform composition and width. Our recent atomistic [30] theoretical work on m-plane InGaN/GaN QWs indicated that the microstructure can play an important role in the mixing of different orbital contributions and resulting therefore in a reduced DLP. In the theoretical work on m-plane structures a random alloy assumption was made, clustering effects might further enhance these orbital mixing effects and explain therefore the observed reduced DLP in the a-plane samples. A more detailed microstructural analysis will be the subject of a later publication.
Summary
In summary we observed that the maximum DLP of the a-plane QW samples is much less than that observed in the m-plane samples. Detailed studies of the spectral dependence of the DLP along with time decay measurements and time resolved spectroscopy revealed that the lower DLP of the a-plane samples compared with the m-plane samples is associated with an additional underlying emission band. As our comparison of the exciton transitions in the PLE spectra with the peak energies of the recombination reveal the effects of very strong localisation we speculate that the underlying emission band in the a-plane samples is due to some change in the localisation environment. The data associated with the paper are openly available from The University of Manchester eScholar Data Repository: http://dx.doi.org/10.15127/1.304121.
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No potential conflict of interest was reported by the authors. by the fast component the emission spectrum is very similar to the CW spectrum in Figure 2 (b). Whereas as the time window is moved to longer times after the laser pulse there is a clear shift of the peak of the spectrum to higher energy. The nature of the long lived emission component and its role in reducing the DLP is far from clear at the moment and we can only speculate about the processes responsible. Clearly in both the a-and m-plane samples carrier localisation plays a big role in not only determining the form of the PL spectra but also the recombination energy. This leads us to suggest that in the a-plane samples the localisation itself in some parts of the QWs may not only perturb the nature of the localised hole states but may also influence the electron/hole pair configuration reducing the radiative recombination rate. We are currently examining the nanoscale structure of the QWs grown on a-and m-plane surfaces in some detail to try to elucidate structural differences which may help to explain the different optical properties observed for the two non-polar orientations.
Funding
Structural aspects under investigation include the possibility of non-random indium clustering within the QWs. As we discuss elsewhere, [30, 33] samples A2 and M1 have been examined using atom probe tomography (APT), revealing differences in the homogeneity of the indium distribution, with a stronger tendency to clustering in the a-plane sample. This is consistent with our earlier APT observations of clustering for a-plane InGaN QWs grown on ELOG substrates. [34] Furthermore, other groups have reported that m-plane QWs are homogeneous. [35] Another aspect of interest is the structure of the InGaN/GaN interfaces in terms of both surface step-related kinetic roughening process and potentially of the formation of three-dimensional quantum dots. Although the dataset we are developing 
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Intensity (a.u.) Figure 7 . Time resolved spectra for sample a3 for the time windows indicated after the laser pulse which occurred at t = 0.
